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1. CONTRIBUTED PAPERS
1.1 Introduction to IRI 1979

by

K. Rawer
University, D7800, Freiburg, F.R.G.

This report is the second edition of the International Reference Ionosphere (IRI) succeeding the first one,
IRT 1978, and edited by the International Scientific Radio Union (URSI). It has been prepared by the Steering
Committee (St. C.) on the International Reference Ionosphere (IRI) established by URSI and COSPAR with, at
present, the following members: S.A. Bowhill, K.S.W. Champion, A.D. Danilov (v. chmn.), K. Rawer (chmn.), M.J.
Rycroft, and J. Taubenheim.

The aim of the IRI is to establish a summary compendium of height profiles through the ionosphere for the
four main plasma parameters, namely: plasma density, plasma temperatures of electrons and ions, and ion
composition. These parameters are generated from a descriptive model containing reliable data that can be
extracted and used to obtain average profiles. The IRI-generated parameters compare well with COSPAR Inter-
national Reference Atmosphere (CIRA) values (last edition CIRA 1972). Basic material was contributed to our
work by many colleagues. 1In addition to the members mentioned above, material was contributed by: P. Bauer
(France), K.I. Maeda (Japan), S. Gnanalingam (Sri Lanka), H.G. Booker, J. Evans, J.V. Lincoln, H.A. Taylor (usa),
E. Kazimirovskij, and T.N. Soboleva (USSR).

IRI is not a theoretical model. The emphasis of IRI is to summarize reliable experimental data when
available. During the years of preparation, the St., C. made suggestions on the types of additional data to be
included and other kinds of measurements to obtain data. There was, for example, a special symposium on the Tower
ionosphere in 1973 at Konstanz during which an agreement was reached on what data should be considered as primary

inputs in that height range.

The sources used for the present IRI edition have been described in several pubTications, the most recent
being Rawer [1977] and Rawer et al., [1978a,b]. From these papers it appears the "data base" is different for the
different parameters and is rather poor for a few of them, in particular for jon composition. Regardless, the St.
C. decided to publish a first edition of the IRI in 1978 in the hope that publication of a preliminary model would
encourage research workers in the field to concentrate on filling the gaps. It is hoped this model will be
discussed and criticized by colleagues working in different fields who are interested in the ionosphere.

A few improvements were introduced in the new programs IRIAL7 and IRIFO7. These resulted from experience in
my own droup, and remarks obtained from colleagues, in particular S. Gnanalingam, T.L. Gulyaeva, and H. Maeda.
Improvements were made to the electron density profile between the E and F regions for nighttime, and to the ion
compositions below 300 km. Inconsistencies created under certain conditions with the original numerical programs
were avoided with the new ones. Most of the corrections were given in the sheet entitled "Corrections to IRI 1978"
{May 14, 1979) and follow up sheets dated August 20, 1979 and July 15, 1980. The present edition was current as of
December 1980, There were a few more improvements made with regard to the classification of seasons. For the ion
composition the transition from the Tower to the upper height range was made continuous. More comments were ob-
tained at the workshop on IRI held at Budapest in 1980. These comments will be used to make improvements and produce
an amended edition later.

After combining the basic data from different sources, a critical evaluation of them was the first step
undertaken. The St. C. found that a selective process was more appropriate than a statistical approach, where all
the data would be combined without evaluating them. Various types of information not used as primary input can
now be compared with the profiles presented. This enables conclusions to be drawn which will eventually lead to
improvments of our model. It particularly applies to different types of radio wave propagation data not used as
primary inputs.

A preliminary report was presented to the General Assembly of URSI in 1975 [Rawer et al., 1975]. URSI asked
for the presentation of IRI in a form which could be readily applied by workers in the field. Unlike the presen-
tation in the earlier editions of CIRA, it was felt that a computerized approach should be undertaken. In essence
the IRI is a computer program which produces profiles (see section 5). To provide examples and give an oppor-

.tunity to show the variability of the output we have produced numerical tables for certain locations and con-
ditions (see section 4.1), as well as Figures with profile shapes for another, smaller set of basic conditions
(see section 4.2). ATI examples were computed with the program IRIAL7.

The main programs are given in ALGOL-60% and FORTRAN-4. The profiles are calculated by descriptive functions
suitably layered, with different equations being applied to the different height ranges. Standard coefficient
input is now done inside the program itself, e.g. the ALGOL-procedures KOEFFB, KOEFF., KOEFGL..3, with the call-in
by procedure SUFE, If input by a peripheral is desired, the data can easily be extracted from these procedures,

H.G. Booker [1977] expressed the opinion that, for: full wave computations, a unique analytical profile func-
tion for the plasma density would be preferable. He proposed a particular system called "skeleton functions",
which can be approximated by a sum of several Epstein-step-functions. These are of the form 1/(1 + exp (-z)),
asymptotic values being 0 and 1 for z going towards large negative and positive values. A description along these

*ALGOL-60 program may be obtained upon request to World Data Center A for Solar-Terrestrial Physics. The
FORTRAN-4 program will be found in Section 5.




or similar lines may be a future project. It appeared too difficult to deduce the parameters of these functions
from the established characteristics of the jonospheric layers (see, however, T.L. Gulyaeva, 1981). Therefore, we
felt that Booker's proposal could not be incorporated in our present schedule. To take account of his viewpoint,

we have produced some profiles with the presentation he proposes. To this end, the Epstein parameters were obtained
by a screen-controlled trial-and-error procedure of specific profiles. The programs to establish such profiles are
IRIALA {ALGOL-60) and IRIALF (FORTRAN-4) by use of the input parameters IRIPAA [Rawer et al., 1978c, p. 741,

Two height ranges for temperature (different for ion and electron temperatures, day and night) were given
with the upper or Tower region described by one analytical function each.

For ion composition, we followed Booker's [1977] proposal with an amendment: instead of using the above step
function we took the integral function obtained from it. In its simplest form it reads

A In{(1 + exp (2)) / (1 +exp (20)))

and may be called an Epstein-transition, namely between the asymptotes y = constant for large negative values of z
and y = A = z + constant for large positive values. The full profile is then described as a sum of such tran-
sition functions with a suitably chosen center coordinate zy and steepness A.

CIRA started with profiles for given locations, and the original intention was that the IRI should be simi-
larly restricted. Later, it was found that a worldwide description would be more valuable. Sufficient data for
all parameters and locations was not available to write a complete description. We followed an intermediate pro-
cedure and tried to give a continuous description in space and time where it was felt this was readily attainable.

The difficult question of which description would be taken for the worldwide variation of the values of the
peak plasma density and its height was decided by taking over the well-known descriptive program of CCIR [Comité
Consultatif International des Radio Communications, 1967] which is based on a particular kind of Fourier and
Legendre development. The original Jones and Gallet [1960, 19621 publications produced the analysis in geographic
coordinates. . Introduction of Rawer's [1963] "modified dip" coordinate (Modip) considerably improved the con-
sistency of the charts. Modip was taken as a basic variable in the final program adopted on the proposal of W.G.
Baker [CCIR, 1967]. The geophysical argument is that, when interpolating on maps, the well-known magnetic dip control
of the F2 layer is preserved when these coordinates are used but not with geographic coordinates. Our program
therefore needs a magnetic field model which is given in procedure FIELD G. Additional information may be found
in Sheikh et al. [19781. In order to obtain the peak height, the CCIR program for the propagation factor
M(3000)F2 is]used together with an empirical relation based upon a critical review of recent publications [Bilitza
et al., 1979].

We are aware that the CCIR schedule widely used for communication predicticns has shortcomings, espe-
cially in the regions where jonospheric sounding stations are missing as in areas over the oceans and in some
parts of the Southern Hemisphere. The set of coefficients needed for the computations was in fact uniquely
derived from the measurements of groundbased jonosonde stations. These are recorded on the CCIR data tape which
can be obtained at the International Telecommunication Union, Geneva. World Data Center-A/STP has a shortened
version which contains only the coefficients for foF2 and M(3000)F2. The program assumes the use of the
WDC-A/STP version (procedure/subroutine CCIRCA). A specific effort is underway in CCIR-IWP 6/3 to improve
the data bases with satellite measurements. The St. C. feels this particular problem is outside of its own
jurisdiction.

It was felt for users not in possession of a CCIR or WDC-A/STP coefficient tape an alternative description
should be readily available. The programs IRIAL7 and IRIFO7 provide for the replacement of the CCIR represen-
tations with a much simpler description proposed by Chiu [1975]. His set of equations is largely based upon
research conducted in Japan by T. Yonezawa [1971]. 1t does not use the many parameters that the CCIR model uses,
so its ability to reproduce complex features is limited. In order to accomplish this simplification the special
procedure/subroutine F20UT (IRIAL7) must be cut out and be replaced by the procedure/subroutine IONDEM. The call
to procedure/subroutine F20UT must, of course, be replaced by a call to IONDEM with the correct variables in both
programs.

The simplified programs, called IRIAL7A and IRIFO7A do not use the CCIR or WDC-A/STP tape as input. The
worldwide representation of mean peak values of foF2 and hmF2 is better with the original programs than with the
use of the subprogram IONDEM. The profile definition is based on the peak values, so a choice of the peak
description does not seriously change the relative profile when a peak is taken as reference., As a third option,
the program can also be applied with direct input of the peak data when these are available from other sources.
The profile shape of the topside electron density is not deduced from incoherent scatter data but from a summary
of topside ionosonde measurements {mainly ALOUETTE) as given by Bent et al. [1970]. The topside slope was checked
against available incoherent scatter results and the results were found to agree rather well,

Unfortunately for our purpose, Rent's description admits certain discontinuities in the slope of the electron
density vs. height profile and has only a limited number of combinations of the input variables (plasma frequency,
geomagnetic latitude, and solar activity). In order to have a continuous, analytical description and use Booker's
proposal (see above), Bent's profile parameter is now expressed by a sum of two Epstein step-functions, the coef-
ficients of which are dependent on the above variables. This includes some smoothing of Bent's original tables.
1t was recently shown by S. Ramakrishnan et al. [1979] that our "harmonized" Bent model is in better agreement with
determinations of standardized topside profiles evaluated very carefully by W. Becker [1975]. In the future it is
hoped more detailed comparisons can be made from in situ satellites, from new sounding satellites, and from pro-
files obtained by incoherent scatter techniques.




The sources of information used for

the bottomside profile shape were described in earlier publications
[Rawer et al., 1978a].

The bottomside electron density profile is composed of five height ranges which are numbered 2 through 6. We
hgve Six r§nges,'sincg the last one is subdivided. The ranges and designations are shown in Figure 1. The pro-
file functions given in the subprograms NE/XE 2...6, and their functions are explained in the program comments.
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Fig. 1. The IRI model profiie.

Let us first consider regions (5) to (2) beginning with the "valley region" (5), which starts at the peak
height HME of the E region. Characteristic HME values were estimated from special ionogram reductions combined
with Maeda's [1971] compilation of in situ rocket measurements. The shape function NE5 was designed after some
incoherent scatter measurements. Around noon the depth of the valley is quite small, there is even no valley
{condition NOT VALLEY) at lower latitudes. At low solar height and during the night there is a deep valley above
the E region. Rawer et al. [1975] used a then-recent compilation from Soboleva [1973] giving an extremely low
density value at the minimum height (HME + HABR in Figure 1). Later on, H.G. Booker found out that Schumann reso-
nance cannot be understood with such a deep valley. Our procedures TAL and NES were adapted to older computations
[Maeda, 1969, 1971] which at night give a larger density value in the valley, so the valley is not so deep.

The upper edge of the valley region (5) is found at height HEF, which is the sum of HME + valley thickness
HBR (Figure 1). Values of HBR were mainly derived from incoherent scatter data. In the absence of a valley
(condition NOT VALLEY) we put HBR = 0. HEF is the lower edge of the "intermediate region" (4) which was intro-
duced to bridge the gap between the valley and the F region above.




Jumping to the F region, we distinguish two classes according to whether an F1 layer is present (condition
FIREG) or not (NOT FIREG). In both cases we use the subdivision in regions (2) for F2 and (3) for F1, but if Fl
is absent both functions/procedures NE2 and NE3 are identical. This is arranged by putting C1 = 0 when condition

FIREG is not valid. Cl is the amplitude of the additional term in NE3 (which produces a stronger gradient at HMF1
when FIREG is valid).

In most cases there is a gap between HEF and the F region, called the "intermediate region" (4). To close
the gap, we determined the height HST where the extrapolated F-region profile NE3 reaches the value of NME. To
avoid a layer of constant density between HEF and HST the upper edge of the intermediate region is shifted upwards
to meet a higher density value. This higher level is called HZ. It was chosen as the arithmetic mean of HST
and HMF1 (Figure 1). If no F1 layer is present (condition FIREG not valid) NMF1 is formally replaced by the
mean. value between NME and NMF2, the corresponding height then being taken as a fictitious value for HMFl (since
in such cases Cl = 0 this has no effect upon the profile shape). If this procedure Teads to a “"bottle neck" the
value of HMF1 is shifted further upwards and may even reach HMF2. A discontinuous method was used in IRI-78 and in
the first correction. This has been replaced by a continuous method in the second correction and the present
programs IRIAL7 and IRIFO7.

More difficult conditions are set when HMF1 is rather low and the thickness parameter of the F region By is
large. These conditions may occur during certain night situations when HST goes below HEF, 1i.e. there is a
“negative gap". These cases are resolved by adjusting an exponent (b1) in NE2. The program will cause a smooth
interpolation between the levels HEF (or HME if VALLEY is not valid) and HZ (see procedure/function NE4).

Except for the F2-peak data, derived from the CCIR coefficient method, the characteristics of the different
layers are deduced from descriptive formulas found in the Titerature. The critical frequencies (which correspond
to peak densities) and the zenith-angle, the solar cycle, and latitudinal dependencies were taken from Eyfrig
19551 and Ducharme et al. [1971, 1973] for fofl (procedure/function FOF1ED), earlier foE formulas were replaced
by those of Kouris and Muggleton [1973 a, b] (procedure/function FOEEDI). Thickness parameters were adapted
according to general knowledge, mainly obtained by ionogram reduction.

No information is given in IRI about the occasional existence of sporadic layers, despite the importance of
Es layers to radio wave propagation and their interest as jonospheric phenomena linked with effects of upper
atmosphere dynamics. It was not practicable to have this feature in our computer programs. Es layers are usually
quite thin (often less than 1 km thick) -and appear irregularly in space and time. They have a clear preference
for the summer season, areas near the magnetic equator, and the auroral zones. For more information the reader is
directed to the special conference reports edited by Smith and Matsushita [1962, 1966, 1968, 19711, The lower
jonosphere region (6)) is modeled from procedure/function NE6. A substratification is admitted at height HDX,
slightly above HMD. This latter characterizes the inflection point in the D-region shape [Mechtly and Bilitza,
19747 with density NMD. NMD (at HMD), HMD and the shape parameters are generated in procedure/function NE6 which is
derived from different sources as indicated in D, Bilitza's first contribution (section 1.2) to this publication.
Two different functions are used for the bottomside E region and in the D region; they are matched at Tevel HDX.

The D region is still a weak point in our description; data are scarce, and worse than that, different tech-
nigues seem to lead to different results. The numerical values were taken from mid-latitude in situ measurements
only [Mechtly and Bilitza, 1974]. The formula could be improved by using equatorial measurements, and was checked
with some radio wave propagation results obtained from Gnanalingam and Kane [1978]. Our formula is certainly not
applicable at auroral and polar latitudes. We are also aware that some discrepancies with absorption measurements
emerged from computations using our profiles and standard collision frequency data [Singer et al., 19807, We also
refer to the semi-empirical model of Mitra and Somayajulu [1979].

Profiles of the electron temperature, TE, were originally deduced from incoherent scatter measurements, and
are represented by expressions for high and low altitudes. The distinctive level between both ranges, Hy, was
chosen between 200 and 400 km. In the upper range one noon and one midnight profile are given, depending on the
geomagnetic latitude. For a given hour the program interpolates between the two times. In the lower range TE is
linearly matched with the neutral temperature, TN (i.e. the average of CIRA 72, procedure TN in the programs).
Both temperatures are identical at HTA = 120 km. We did not compensate for a solar activity effect, even though
it is obvious that more energy is fed into the aeronomic system during periods of high solar activity. Since the
electron density is much greater during these periods, we have higher thermal conductivity in the electron gas and
thus an effect producing a temperature decrease. Measured data available at present are rather scarce. Long term
experimental evidence is available from only one incoherent scatter radar station {Millstone Hil1}. The results
show conditions are rather involved, and no clear solar cycle effect could be identified [Evans, 1973 and later
data]. We are urgently in need of more long term data.

The recent analytical model describing the AEROS-A measurements [Spenner and Plugge, 19797 compares well with
results from Millstone Hill and Jicamarca for day and night. It gives values which, by day, are slightly too high
for Arecibo. This input combined with standard height profiles from the incoherent scatter stations was used,
however, with a simplified descriptive function, for the height range 200 to 1000 km.

As for the ion temperaturg, TI, we rely primarily on results from incoherent scatter stations comparing these
with some data from AEROS.

At the bottomside, all temperatufe profiles are adjusted to the average CIRA [1971] neutral‘temperature Ya1ue
at 120 km. Above this height a linear increase of (TE - TN) with height is assumed. The computing schedule is
discussed and explained in D. Bilitza's second contribution to this publication (section 1.3).

e




It does not allow TE or TI to become less than the neutral temperature TN,

The ion composition data are too scarce to produce a continuous description in space and time. Below 200 km
the recently established models of Danilov and Sememov [1978] were approximated analytically. The relative per-
centages of 0% and 0% are represented by a sequence of Epstein-transitions, two for 0% but four for 0F. Near
the F2-peak height there is almost only 0t. From the AEROS data set, we determined an upper fixpoint of 98%

0% at 300 km (but at 249 km for high solar activity in the summer season) and Tower fixpoint at 290 (237) km.

Above and below this range of 0% predominance, the profile function permits transitions of the parameters which

were adapted to the (summarized) data measured with rockets (below) and satellites (above). This is also done for the
07 profile but with only three ranges (two transitions). NO* is determined so that all three fons together reach
100%. Above the 0% peak region Tight ions are permitted. Since nighttime observations are missing, the sunset

curves are provisionally assumed to be valid during the whole night (an assumption possibly far from the truth).

For higher altitudes AEROS data were combined with some results obtained by Taylor [1971].

Our program only allows for 0%, H*, and He' as atomic ions. From 0GO-6 observations it appears that about
5-10% of the share attributed to 0% could possible be N*. Similar evidence exists also from AEROS. The

expressions give only average shares. They cannot account for special phenomena such as molecular ions at greater
heights, as were observed under disturbed conditions.

Positive cluster ions appear regularly in the D region below 9G km. Existing data are not good enough to
describe readily the relevant profiles. Clusters are not identified in the computer program which gives NO*. The
ratio of clusters to the total positive ion density might roughly be estimated from Figure 2 (after Danilov and

Semenov). Unfortunately, these data are scarce and only available for mid-latitude, at low solar activity, in
summer.,
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Fig. 2. Percentage of cluster ions at various heights.




At the present time, only a rough guess can be made for the height of the transition between electrons and
negative cluster fons. Numerical values are not given in our program. Existing evidence from a few mass spectro-
meter measurements seems to show that sharp transitions occur at altitudes between 68 and 74 km during the day and
ZO to 78 km during the night [Arnold and Krankowsky, 1977]. It appears premature for the official IRI program to
introduce numerical equations describing the conditions at the bottom of the ionosphere (e.g. cluster ions), or at
great heights (Ne, Te). Reference is made to preliminary relations established by individual authors. We have ~
asked two authors working with measurements and theory of ion composition in the lower ionosphere to give written
reports in this volume. The reader is directed to the comprehensive contribution by F. Arnold (which includes the
stratosphere (section 1.5) and to the shorter one by B.S.N. Prasad and S. Mohanty (section 1.4).

It was‘found that at altitudes above 1000 km data obtained by different methods are not in very close
agreement with each gther. Further critical examination of the plasma parameters in this region of space is
urgently needed and is planned by COSPAR. At the present time our profiles are confined to below 1000 km

altitude. M. Rycroft is in charge of these problems in the St. C. As a provisional quide we refer to the recent
paper by Chiu et al. [1979].

IRI describes monthly average values. Values for individual days are spread arcund with roughly the following
(2 sigma) dispersion ranges:

Heights Peak Densities Temperatures
F region +15% +30% +30%
E region + 5% +10% +10%

These indications are not valid at latitudes in the auroral zone or on the polar cap where larger fluc-
tuations must be expected. The basic values are not good under these conditions. This includes the CCIR
coefficients. An example can be found on page 217: for Modip -70 degrees, during the polar night, the CCIR map
of M(3000}F2 combined with our empirical relation gives a value below 200 km for HMF2, which is probably much too
low.

A more detailed description of how the programs can be used is given in the following Technical Note (section
2) which, together with the comments in the program itself, should allow users to make the program workable on
their own computers. The ALGOL and FORTRAN programs IRIAL7 and IRIFO7 can be obtained on request as punched cards
(026 or 029 punch) or on magnetic tape in various formats and densities. The tape can be delivered either in
ASCII(2) or EBCDIC(1). The tape contains the programs mentioned above as well as the CCIR coefficients and the
fully analytical profile program IRIALA. Requestors wishing a copy should write to

World Data Center-A
for Solar-Terrestrial Physics
NOAA/EDIS/NGSDC
Mail Code D632
325 Broadway
Boulder, Colorado 80303
USA

Acknowledaments: The Deutsche Forschungsgemeinschaft sponsored D. Bilitza's and H. Thiemann's activities in
this project (grant Ra 68/65). Great help in the present edition was a rearranged and corrected FORTRAN program
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1.2 Electron Density in the D-Region as Given by the
International Reference Ionosphere

by

D. Bilitza*
NASA/Goddard Space Flight Center
Laboratory for Planetary Atmospheres
Greenbelt, Maryland 20771 USA

ABSTRACT

The model for the electron density in the D region as used in the International Ref-
erence Ionosphere (IRI) is explained and the actual model functions are given depending
on time, solar zenith angle and solar activity.

Introduction

A major problem in modeling D-region electron density is selection of experimental data which are both
accurate and representative of the unperturbed ionosphere.

The evaluation of the relative accuracies of various methods of measuring electron concentration in the D
region was one of the objectives of the 1973 COSPAR Symposium on the Lower Ionosphere held in Constance, F.R.G.
Participants in the Symposium arrived at important conclusions:

1. D-region profiles of greatest accuracy are derived from measurements of differential absorption and/or
differential phase (Faraday rotation) of radio waves propagating between the ground and ascending
rockets. Improved resolution is possible when Langmuir dc-probes are flown on the same rockets.
However, they must be calibrated on every occasion by radio data.

2 A1l the ground-based techniques (VLF, LF, partial reflection, and wave interaction) begin with assumed
profiles of electron concentration and collision frequency for the inversion of propagation integrals.
Available measurements are never sufficiently comprehensive to determine unique profiles without relati-
vely large probable errors.,

The foundation of these conclusions is discussed in detail by THRANE [19747, THOMAS [1974] and SECHRIST [19741].
The representation used in the International Reference Ionosphere (RAWER et al. [1978¢]) which will be described
in this paper is strongly based on a rocket data evaluation done by MECHTLEY and BILITZA [19747.

Height Dependence

The typical electron density profile in the D region shows a steep gradient just below the E-layer maximum,
reaching an inflection point at HMD, NMD and decreases to lower heights with a much weaker gradient (Fig. 1}. As

recommended by MECHTLEY and BILITZA [1974] we used a third degree polynomial centered at the inflection point to
approximate the logarithm of the density

Nel(h) = NMD*exp(FPy*X+FPo*X2+Fp3X3)
X = h-HMD
HMD/km height
2 of the inflection point
NMD/m=3 density
For HMD to become an inflection point the second derivative has to be zero. That gives us
2
FPp = Py
2.
We also find that FP; is the logarithmic derivative at the height HMD

dinn !

- e
FPy = = (h=tivD)

*on leave from the Institut flir Physikalische Weltraumforschung, Heidenhofstrasse 8, D-7800, Freiburg, Federal
Republic of Germany.




Finally, FP3 can be explained in terms of a scale height S which is the height difference between HMD and the
height where the electron density has dropped to NMD/e.

FPy = (FP12%s2/2 - FP1*$-1)/S3

Because the gradient above HMD is much greater than it is below HMD, we have a different scale height above HMD,
Sa» and a different FP3d,

FP32 = (FP12%5,2/2 - FP1*S5+1)/S,3

These considerations make it easy to calculate the model parameters FP1, FP2 and FP3 from experimental graphs. All
you need is to find the inflection point, the logarithmic derivative at this point and the two scale heights men-
tioned above. An example is shown in Figure 1. To connect this profile function with the values at the E region
maximum we recommend the following function

Ne2(h) = NME*exp (-D1*(HME-h)K)

NME/m‘3 density
of the E-region maximum
HME /km height
which proved to be representative for the given data feature. Di, K are determined as to meet the Nel function at
the height HDX.

NDX
E= * - * ot
K DNDX* (HME-HDX )/ (NDX* 1n WE

Dy = DNDX/(NDX*K*(HME-HDX)K-1)

dNel
DNDX = dh (h=HDX)
NDX = Nl (HDX)

HDX = HMD + S,

Besides the described variation with height, there are a number of other profile shapes which are less frequent
and show more disturbance. These profiles were not considered in our present analysis, dealing only with the
quiet ionosphere. From the more than 200 profiles given by MAEDA [1971], MECHTLEY and BILITZA [19741, DICKINSON
et al. [1976], GUPTA [1977] and GNANALINGAM [1976] only about 80 were useful (in the above stated sense) for our
modeling purposes.
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log,o(N/N,,, D)

Fig. 1. Typical D region electron density profiles taken from MECHTLEY and
BILITZA [1974], together with the model.
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Variation With Time and Latitude

The remaining profiles were normalized to their point of inflection and sampled into da i
r ) d to y and night groups for
1ow‘and.m1dd1g latitudes. Most of the variation was obviously removed by the normatization, and only FPf shgwed
latitudinal differences. The model parameters for day and night are listed in Table 1.

Table 1. Model coefficients for day and night.

AlnNe S a
HMD | Zh(h=HMD) al| s
km -1 km km FPy FP, FPy FPy
km
low 0.02 0.02 -2-107% 9.37-107° 4.89:107%
DAY 81 4.6] -11.5
middle -3 -3 4
latitude 0.05 0.05 -1.25-10 8.18-10 1.707-10
-3 -3 102
NIGHT 88 0.05 4.5 -4 0.05 -1.25-10 8.79-10 1.22°10

The density at the inflection point shows a strong dependence on the solar zenith angle and solar activity.
A good representation is given by the following function:

NMD/m-3 = F(R12)*108% exp ol
2.7
(cosZ)

F(R12) = 6.05 + 0.088*Rys
Z = Solar Zenith Angle
Ri2 = Smoothed Zurich sunspot number

as is seen in Fig. 2.

T T

+ Mechtleyetal. ¥ 230

® . « ¥ <30

4 Gnanalingam a

® Shirke @ 2

0 Prakash +

+
_10-108}- .
Q
2
£ +
OPE e+
~
a a]
b3
=z
~ 5108 L + ® -
+ +
+2 +
+
+
1 1
5.108 10-108

(NMD /m=3)exp

Fig. 2. Comparison between measured and model value for the density at the
inflection point (References: Mechtly et al. [1974], Gnanalingam,
Shirke, and Parkash private communications).
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To connect this daytime behavior with the typical nighttime value NW=4 108m~3, we recommend the following
procedure. Calculate the solar zenith angle Zg for which the model reaches the nighttime value

1
0.1 55
7 = -1 (————-‘*)2.7
s = COS" I\ 1n(F-108/NW)
and set NMD equal NW for zenith angles larger than Zg.

It should be noted that the nighttime coefficients are based on a still small data base mainly guided by
Maeda's and Gupta's data and also ELF propagation calculation by BOOKER [1976].

It seems interesting that the winter anomaly profiles as reported for example by BEYNON et al. [1976] can be
approximated by multiplying the "normal® NMD (as it would be given by our model) by a factor of 10.

To get a continuous variation between day (DY) and night values (NV) we recommend the following step
function, which was used in the IRI:
. DV-NV + Nv-DV
1+exp(—(t-SA)/Dl) 1+exp(-(t-SS)/D2)
t/h time

W=My

SA, SS/h time of sunrise and sunset

Dy, D2 transition time at sunrise and sunset. We put D1=D2=1 h.
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1.3 Models for Ionospheric Electron and Ion Temperature

by

Dieter Bilitza*
NASA/Goddard Space Flight Center
Laboratory for Planetary Atmospheres
Greenbelt, MD 20771 USA

Abstract

By using measurements of the incoherent scatter stations Millstone Hi1l, Arecibo and
Jicamarca, and data measured by the Retarding Potential Analyzer (RPA) aboard the
satellites AEROS-A and B we have constructed models of the ionospheric temperatures
in the height range 200-800 km to be used for the International Reference Tonosphere.
Our models give the overall global, time, and height dependence but exc]lude one

on solar activity and specific diurnal behavior.

Introduction

There have been different attempts to model the ionospheric temperatures. A great number of scientists
investigated the relationship between the temperatures and the electron density to make use of the quite represen-
tative electron density models. For these studies the incoherent scatter stations meet the ideal requirements
with their simultaneous measurements of electron density and electron and ion temperature. LEJEUNE and WALDTEUFEL
[1970], WALDTEUFEL [19717 and LEJEUNE [1972] examined the data of the stations St. Santin/France and
Arecibo/Puerto Rico, MAHAJAN [1977] worked with data from Arecibo, BILITZA [1975] with data from Millstone
Hi11/USA, and TAYLOR and RISK [1974] with data from the U.K. station Malvern, Al1 these theoretical and
empirical examinations show an anticorrelation between the electron density and temperature. One can understand
this feature from theoretical considerations. The heat gain of the electron gas depends on the electron density
whereas the heat loss depends on the square of the electron density. But for greater heights these correla-
tion considerations are made more difficult by the increasing importance of heat conduction with its strong latitude
dependence. SPENNER et al. [1977] have investigated the global features of this anticorrelation by using data of
the satellite AEROS-B. They found that the anticorrelation holds true only in daytime and within a dip of +40°
and is not sufficiently significant at the magnetic equator. The same is true for the correlation between jon
temperature and electron density, which is explained by the strong heat contact between electrons and ions. By
using a height dependent correlation, BRACE and THEIS [1978] were quite successful in representing electron den-
sity and temperature data measured by the AE-C satellite. Considering the International Reference Ionosphere it
seems unreasonable to incorporate a correlation between the parameters because in this way degrees of freedom are
lost,

Different from this there have been attempts to approximate satellite data by an expansion in spherical har-
monics and other series depending on longitude, latitude, height and Tocal time. SPENNER and PLUGGE [1978] have
done this for the AEROS-RPA data, while DORLING and RAITT [1976] approximated the ESRO-4 data in this way.

Besides the problem of misrepresentation in regions with no satellite data this method is limited to one satellite
mission and corrections introduced from other measurements can be incorporated only by changing a large number of
coefficients.

In this work, an attempt was made to approximate the Tatitudinal dependence of the electron and ion tem-
perature as represented by the AEROS satellite data and the height dependence as measured at the incoherent
scatter stations by simple analytic functions. That seems adequate to the present state of data collection.

The Data

The data used in this study are summarized in Table 1, noting the time and solar activity range. The AEROS
data have been longitudinally averaged and mean values for the height ranges 150-250,......., 650-750 and 5 degree
magnetic Tatitude intervals have been calculated. This was done for day (14-26 LT) and night (2-4 LT) time.

Due to the orbit of the AEROS satellites these were the main measurement times. The incoherent scatter (ICS) data
have been averaged over the whole period given in Table 1 and for the time intervals 11-13 LT and 23-1 LT. 1In

a first attempt the data were in addition sorted by season and solar activity but no clear dependences were
recognizable,

Table 1. Location and time of the used data

STATIONS AND LOCATION HISSION Ri2 HEDTAN IS RUMBER OF THE
TIME

SATELLITES CALCULATED FOR  DATA POINTS PER
GEOG.  GEOM. HEDIAN DETERMI-
HATION .

ARECIBO 2 18N 293F 30N 26 12/71-12/72 5873 THE WHOLE 50
PUERTO RICO 1 7/66-6/70  50-100 HISSION 100
JICAMARCA 125 2836 IN 3526 11/66-4/69  75-110 DAY:  11-13 LT 700
PERY NIGRT: 23- 1 LT
NMILLSTORE 430 2B9E  SUN 3576 2/72-10/75  25-T1 100
HILL USA
AEROS-A 12/72-8/73  40-50 1/73-3/73 50

ALL LONGTTUDES

DAY: 1416 LT

HIGHT: 2- 4 LT

AEROS-B 6/74-9/75 35-10 8/74-9/74 100
ALL LONGITUDES
DAY:  15-17 LT
NIGHT: 3- 5T

*on Teave from Institut flir Physikalische Weltraumforschung, Heidenhofstrasse 8, D-7800, Freiburg, Federal
Republic of Germany. .
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The Electron Temperature Model

The electron temperature shows a different latitudinal behavior for different heights (Fig. 1}. For higher
altitudes (h>400km) the temperature is lowest at the magnetic equator and increases towards the poles. For lowerr
altitudes there is a maximum at the magnetic equator within the low latitude valley. That means the height profiles
near the magnetic equator show a maximum at about 250 km whereas for higher latitudes a continuous increasing pro-
file is seen (Fig. 2). That is explained by the decreasing heat conduction towards the equator due to the more and
more horizontal Field lines. We are aware that this temperature bulb can also occur at moderate latitudes in case
the heat loss and gain terms dominate the heat conduction at heights of about 300 km, but this should be considered
in an additional solar activity dependence which is not clearly established..

We composed the described feature by the summation of three.different functions, one for the latitudinal
variation, one for the height dependence and one representing the Tow latitude bulb.

T (0,8) = £,(8) + £,00) + £5(0.0)
- g(@® . n
£,@) = AR 55T lg@ |

2
g@) =a; ¢+ a,®

=
[

height/km
geomag. latitude/e -

fz (h) = D-(h-700)

s
1

£2(h)

Covy (8) v, ()

v. (@) = exp(-0.1°9)
1 (1+exp(-0.1°8))*

exp(-0.03" (h—hmax) )

(1+exp(-0.03" (h—hmax)))

v, (h) 7]

ho, = 70-exp(-1.4+1075+¢%) + 200

ma.
where A B c D aj ap n
Day 2325 725 25600 2 3.4 -0.014 1
Night 1600 700 0 0 0.47 0.024 0.5
4000 T Y T T T
Telh,2) = f1{2) + folh,2) + fa(h)
4
wi
o«
> 3000 (- 700 <~ N -
= 80 =i\ -
o 500 ="\ / -
L P2uindN ’\ K'
0. g?)g ’ \\;. * \ / T P
= \ /[,
-
pd i B
g 2000 — — 700km
O AEROS-A L T e
o JAN.-MARCH 1973 NS ~. ",,-;' e = 400KM
14-16 L.T. hLNFRTESA 3 —— 300km
1000 ' ' : . ‘
-60 -30 0 30 60

GEOMAGNETIC LATITUDE

Fig. 1. Latitudinal variation of the electron temperature as measured by .
the AEROS-A RPA for different heights h, as a function of geomagnetic
latitude ¢.
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Function fy represents the general latitudinal behavior of the AER0S-A data for all heights ignoring the Tow
latitude bulge. For the height gradient we took a constant value, which gives sufficient agreement in the region
400 to 800 km for the AER0S-A and the ICS data. Below that region we recommend a linear decreasing difference
between electron and neutral temperature towards agreement at 120 km, For day and moderate latitudes (¢ < +40°)
our model represents the electron temperature fairly well down to 200 km due to the bulge function. This bulge
function is the product of two peak functions one in latitude and one in height, thus giving enhanced values for a
region around the magnetic equator and heights near the maximum height hmax. The height function vy was
established from the ICS data, while the latitudinal part vi was derived from the AEROS-A data. Figure 2 shows
our model together with the corresponding ICS and AEROS-A mean profiles.

The Ion Temperature Model

The ion temperature as seen by the RPA on AER0S-B shows fairly constant latitudinal.values at Tow altitudes and
a significant minimum at the magnetic equator at altitudes higher 500 km (Fig. 3). That is confirmed by the ICS
data which show increasing ion temperature with increasing height and this increase being larger for Arecibo
than Jicamarca (Fig. 4). For nighttime there is an increase towards the poles being steeper for greater heights,
For modeling the ion temperature the height profile was divided in three parts. Above 430 km we use a constant
height gradient and different latitudinal representations for day and night. Below a height HS =200 km we set
T; equal to the neutral temperature Th. These two regions are connected by choosing an appropriate HS, namely the
height at which the tangent to the neutral profile passes through the ion temperature value at 430 km,

u(@)+M* (h-430) 800 km ¥ h % 430 kn
u(P)-T_(HS) s >
Ti(h) =du(p) - —STi30 T - (h~430) 430 km v h v HS
T (h) HS X h % 120 km
% INCOHERENT - AEROS-RPA ~— Rl
10001 SCATTER
- JICAMARCA ARECIBO (1)
§ 5
*_ .
5 | MIDNIGHT MIDDAY  MIDNIGHT
I 500 >
0 I i 1 3 1 | 1 3 1 1 | § I7III_1 1 } i 1 1 [ S 1 L1
0 1000 2000 1000 2000

ELECTRON TEMPERATURE/K

Fig. 2. Comparison between electron temperature data and model for the
location of Jicamarca and Arecibo.

h = 550-650km

3000 |

TI/K

1000 -

1 1 ] I3 1 1 1 1 H /] 1 i 1 1 L

-70 -60 -50 -40 -30-20-10 0 10 20 30 40 50 60 70

GEOM. LATITUDE
Fig. 3. Latitudinal variation of the ion temperature around
600 km as measured by the AERQS-B-RPA.
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Fig. 4. Comparison between ion temperature data and model for the loca-
tion of Jicamarca and Arecibo.

u(@) M

day uy {)] 3

night | u, ()] 0
exp(-0.09°9)

u, (#) = 1240-1400- >
(1+exp(-0.09+8))

cos (X)

1200-300° 1eo2t5T * Vcos (0|

X(@) = 0.47-9+0.024-¢°

u, (9)

To get a representation with a steady slope (T-(S)) above HS use i ER, 1977
between the different regions of constant grad%ent. was made of EPSTEIN-Step functions [BOOKER !

m
MM, -MM.
& = MM + Z 3—1
dh o —— T+exp (- (h-XSM.)/G.)
j=1 i3
m = number
of the different regions

MMgeoom = gradients
XSMj...m = height of the intersections between different regions
Gjesem = transition thickness between different regions

Integration from HS to h gives us the ion temperature
7.8 () = MM_- (h-HS) + T_(HS)+
1 [8] n

z 1+exp ((h-XSM.)/G.)

o . i3
¥ Z(Wj'MMj—l) Gj In 1+exp((HS-XSMj)/Gj)
j=1

To get a continuous transition to the neutral temperature at HS we set Ty equal Tn at HS by choosing the appropriate
integration constant.
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As the heat capacity of the electron gas is much less than that of the ion gas, the ion temperature should
not exceed the electron temperature. Therefore we add a foqrth region for the case of Ti not less Ty at a height
of 1000 km, 1In this region the ion temperature is approaching the electron temperature. Herewith the parameters
are:

u(@)-T, (HS)

L e e T T.(h
MM0 = ~ 5430 for u(@),M see 1( )
MM1 =M
-~
MM1 Ti(IOOO) < Te(IOOO)
i,
dTe elsewhere
kdh (h = 1000)

XSMl = 430 km

XSM, T; (1000) < T_(1000)
XsM, =
Te(1000)—10-u1(¢)+MM1'XSMI‘MMZ'IOOO elsewhere
MM, -MM,
6, =20 knm G, = 50 km

Figure 4 shows our model in comparison with the AEROS and ICS measurements., For the neutral temperature the
CIRA 1972 model was used.

The Diurnal Variation

In summary the electron and ion temperatures are constant through the day and through the night with tran-
sitions at sunset and sunrise. This gross behavior is modified by small seasonal (Fig. 5) and latitudinal
changes and special features induced by conjugate sunrise or magnetic storms.

ARECIBO h = 200-300km

:

3

ELECTRON TEMPERATURE/K

| f summer
s x WINTER
- — R
i i i 'l 1 l L 3 A X L
0 { 12 } 24
SR SS
LOCAL TIME/HOUR

Fig. 5. Day-night variation as given by the data and
the model over Arecibo.
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In this study we restrict ourselves to the general variation, For the transition between day and night value
(Tp and Ty) the already mentioned EPSTEIN step functions have been used.

Ty (h) =Ty (h) Ty (h)-Tp (h)
T(h,t) = TN(h) * TeprtEreg /D) * Trexp(-(t-t )/D)
tsp/ss time of sunrise and sunset

D = 1h transition time

With a transition time of 1 hour the temporal variation is well represented as shown in Figure 5.

6. Summary

Comparing every measured data point with its model value, we counted the number of data points within #10
percent and +20 percent strips around the model. The results are listed in Table 2. Almost 70 percent of all the
data deviate by not more than 10 percent from the model. Only 10 percent of the 72,000 measured data points lie
outside the 20 percent margin. Thus the models described give a fairly good representation of the mean behavior
of the electron and ion temperature in latitude, height and time as it is confirmed by satellite and ground based
incoherent scatter measurements. Seasonal and solar activity variations of the jonospheric temperatures are not
yet clearly established due to the lack of global full solar cycle data. EVANS [1973] has reported an increase in
summer and decrease in winter with increasing solar activity for data of the incoherent scatter station Millstone
Hi11 from 1964 to 1968. Special features like conjugate sunrise and magnetic storm effects might be incorporated
as adequate supplementary functions to our models.

Table 2. Number of data points within +10 percent and +20 percent strips
around the model.

ELECTRON TEMPERATURE 10N TEMPERATURE
AMOUNT +10 +20 AMOUNT +10 +20
AREL 4,939 3,650 4,437 4,898 3,429 4,491
74 90 70 90
ARE2 3,752 2,664 3,205 3,551 2,768 3,255
71 85 78 92
Jic 17,740 12,734 15,819 6,852 5,002 6,304
71 88 73 92
MH 2,500 1,250 1,975 2,470 1,756 2,297
50 79 71 93
AEROS 6,443 4,317 5,404 19,149 12,947 16,152
67 84 65 84

TOTAL 35,574 24,615 30,840 36,920 - 25,400 32,499
69 80 69 88

Besides these corrections and additions of new dependencies in the course of new data there should be refine-
ment of the given latitudinal, height and time variations. The auroral feature needs further investigation.
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1.4 D-region Positive Ion Concentrations

by

B.S.N. Prasad and S. Mohanty
Department of Physics, Utkal University
Bhubaneswar -751004 India

Rocket measurements of positive ion composition at several geographic locations and under different D-region
conditions have invariably shown the presence of oxonium ions of the type H+(H20)n, n=1,2,3 etc. There is a
sharply defined cluster cutoff level above which the positive ion species are the molecular ions NO* and 0*. The
height of this Tevel is around 82 km for the mid-Tatitude quiet D-region and this level is either raised or
lowered depending on reduced or enhanced D-region ionization. It is now known [Reid, 1977], that the transition
from the predominantly cluster ions below the cluster cutoff level to molecular. ions above it, is due to (a)
strong temperature dependence of the clustering reactions for the conversion of the precursor NO* jons to its
hydrates and (b) the relative 1ife time of the precursor ions for recombination with electrons compared to that
for the formation of cluster ions. In this regard the role of minor neutral constituents such as atomic oxygen in
the switching reaction chain would be important under disturbed conditions such as PCA or solar X-ray events where
the majority of the primary ions happen to be 0%.

A comparison of the partial concentrations of the D-region positive ions obtained from different rocket
flights would not be realistic because of (a) the destruction of heavier cluster jons due to thermal breakup
during rocket sampling and (b) the cluster cutoff level which depends on the seasonally varying mesospheric tem-
perature and D-region ionization conditions. On the other hand, height variation of the relative concentration of
cluster ions (with respect to total positive ions or molecular ions) can be used as an indicator of D-region
conditions. Defining [Z*] as the total cluster ion density and N* = [NO*J+[031+[Z*] as the total positive ion
density, the relative concentration of cluster ions is [Z*]/ N* or f+ = [Z*]/([NO*]+[0%]). These quantities are
shown in Fig. 1 for different D-region conditions at equatorial and middle latitudes. In all these graphs {[z%]/
N*)= f* above the cluster cutoff level where N*= [0%1+[NO*]. The graphs of Fig. 1 show that :

(1) For normal D-region conditions, cluster cutoff level is higher for summer
than for other seasons (curves 2, 3 and 4y,

(2) Enhanced D-region ionization Towers the cluster cutoff level (curves 1,
5 and 6).

90 I T

Z/km |

80

- 1Z*IZIN'T t 5 i
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i £e \l -
W
70 |- { 4 _
Lot 2 [ I N ' L4 g s
10-1 10° 101

[Z*1/7IN*] AND £+

Fig. 1. Cluster cutoff Tlevel.
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These conclusions are valid for the high 1atitude stations also as seen from Fig. 2. Although D-region ionization
enhancement due to particle precipitation is a common feature at high latitudes, there was no indication of
enhanced particle ionization for summer rocket data of Aug. 10, 1970 [KRANKOWSKY et al., 19727. Compared to this,
there was a mild particle precipitation event in progress during the rocket flight of Aug. 8, 1971, and the rocket
encountered increased D-region ionization during the downleg trajectory compared to upleg flight [ JOHANNESSEN

and KRANKOWSKY, 1972]. Thus the general nature of the variation in the height of cluster cutoff level with D=
region conditions is evident from rocket data for different latitudes.

More experimental data covering latitudinal and seasonal variations under different D-region conditions would
be necessary to formulate any empirical relation for the height variation of D-region positive ion concentrations.

S0

Z/km

——=[Z%)/IN*]
f'l'

70 - °

10-1 100 10!

[Z*] Z/IN*]l ano £7*
Fig. 2. Cluster cutoff level for high latitudes.
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1.5 Structure and Composition of the Middle Atmosphere Ionized Component

by

F. Arnold
Max-Planck-Institut fur Kernphysik
D6900 Heidelberg, FRG

Abstract

Our current understanding of the structure and composition of the middle atmosphere
ionized component (MAIC) and underlying processes is briefly reviewed. Problems
associated with the definition of a reference-MAIC are discussed. It is concluded
that a reference-MAIC of reasonably good precision cannot be defined at present since
the observational data available are insufficient. A major complication results from
the strong coupling of charged species to the thermal structure and dynamics of the
neutral atmosphere which are poorly known.

Introduction

The ionized component of the Earth's middle atmosphere (20-100 km altitude; hereafter: MAIC) s much less
explored than the major part of the ionosphere Tlocated above, mainly because of the higher gas pressures which
complicate both processes involving charged species and in-situ measurements. Although our understanding of the
MAIC is far from being satisfactory, considerable progress has been made in recent years. As far as the lower
ionosphere (65-100 km) is concerned we are approaching an understanding of the most important processes
controlling charged species. However, as will be shown in the following, we are not yet in a position allowing us
to develop a quantitative model of this region. Concerning the ionized component of the stratosphere our
knowledge is very Timited and a more intense era of exploration has just begun.

The purpose of this article is to briefly summarize the present knowledge of the composition of the MAIC and
to point out both those areas in which progress has been made and which are still uncertain.

Lower Ionosphere

The Tower ionosphere is characterized by a steep increase of charged particle concentrations with height and
by the presence of free electrons (Fig. 1). It exhibits strong temporal and spatial variations concerning both
the total densities as well as the composition of charged particles. These variations, in particular, those
occurring in the ionospheric D region (65-85 km altitude) have a strong component which cannot be related to
changes of solar radiations.
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Fig. 1. Number densities of electrons during day (MS) and night (MS=N) from
MECHTLY and SMITH [1970]. Number densities of positive ions during
day (AK, P, RW) from ARNOLD and KRANKOWSKY [unpublished] (AK);
PEDERSEN [1966] (P); ROSE and WIDDEL [1972] (RW).
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In the following our current understanding of the processes controlling the structure, composition and morpho-
logy of the lower ionosphere will be summarized.

The most important sources of ionization are shown in Fig. 2. In the Tower E-region (85-100 km altitude)
solar extreme ultraviolet, Ly-gand x-radiations contribute most. As these radiations which are able to fonize
major atmospheric gases (Np and or 0,) become heavily absorbed above about 85 km, a strong dependence on the solar
elevation is introduced. This results in seasonal, diurnal and latitudinal variations of the lower E region
[KENESHEA et al., 1970].
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Fig. 2. Rates for the most jmportant daytime jonization sources
of the middle atmosphere [after THOMAS, 1971].

The most abundant charged species are free elecrons and positive molecular ions, namely NO* and Ot among
which NO+ is a secondary ion formed primarily by ion molecule reactions [ARNOLD and KRANKOWSKY, 1977]. Atomic
metal ions (mainly Mg* and Fet) whose total fractional abundance undergoes considerable temporal and spatial
variations may also become quite abundant. They are formed mainly by charge transfer reactions involving molecu-
lar ions and neutral metal atoms which result from meteor ablation [FERGUSON and FEHSENFELD, 1968]. Two examples
of daytime lower jonosphere positive ion composition measurements during summer and winter are shown in Figs. 3
and 4. Since atomic ions recombine only very slowly with electrons by radiative recombination (see Table 1), they
are long-lived and thus may reach high abundances. In contrast to the molecular ions they may also be transported
downward from the upper into the lower E region by the combined action of the Farth's magnetic field and horizon-
tal winds [CHIMONAS and AXFORD, 1968]. At night, when the ionization rates are drastically reduced, the atomic
metal ions may become even dominant as the short-lived molecular jons are destroyed by recombination.

While the formation, chemistry and recombination of lower E-region molecular ions can be quantitatively
modelled with a certain accuracy, the formation rate and transport of atomic metal ions are only poorly known.
Therefore, a complete model of the lower E-region structure and composition cannot be formulated at present.

In the D region the situation is much more complicated as will be shown. The most important sources of ioni-
zation are photoionization of the trace gases NO and Og(ksg) (Fig. 2) whose concentrations are variable in time
and space. This is particularly true for NO which is photodissociated, but not significantly produced in the D
region into which it is transported from its source regions, the lower thermosphere and the stratosphere.
Moreover, horizontal NO-transport also plays an important role as the auroral oval represents an important
additional NO-source [CRAVENS and STEWART, 1978; SWIDER, 1978]. Since both the vertical and horizontal transport
and the auroral source are only poorly known, D-region ionization rates cannot at present be theoretically
modelled with a satisfactory precision.
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The loss of charged particles in the D region is far more complicated than in the lower E region. Free
electrons may be Tost not only by recombination but also by attachment mainly to oxygen molecules [FERGUSON,
19747, which is the much faster process. Associative electron detachment from 03 by oxygen atoms, however, pre-
vents 07 -formation to become efficient in the daytime D region. The lower boundary of the electron regime is
located at the height where reactions converting 0~ to more stable negative ions start to dominate the 0--loss.
Most important among these are 0p-clustering and an Oz-reaction [FERGUSON, 19747. Thus, at night when atomic oxy-
gen concentrations decrease steeply below about 75-80 km, the boundary is very sharp and is located in this
height range. By day when atomic oxygen is present throughout the D region, the electron-boundary is located
around 65 to 70 km. Below this boundary negative ions are the dominant negatively charged species as can be seen
from a compilation of measured ratios of total negative and total positive ion concentrations (Fig. 5). The
variability of the electron-boundary may be due to not only variations of 0 and 03 concentrations, but also of

temperature which controls 03-clustering. These influences are not sufficiently well known to model the boundary
accurately.
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Fig. 5. Ratios of total negative and total
positive ion concentrations as meas-
ured by rocket-borne jon mass spec-
trometers by day (D) and night (N).
After ARNOLD and KRANKOWSKY [1977
and unpublished manuscript, 1979].

Concerning the composition of negative ions only few measurements exist which differ consideyab]y from each
other [ARNOLD et al., 1971; NARCISI et al., 1971, 1972a,bl. At present, it is unclear if these differences are
real or instrumental. An example of a negative ion composition measurement is shown in Fig. 6. As can be noted,
the negative ion regime (below 78 km) is dominated by molecular (mostly €Oz, HCO3, and NO3) and atomic (mostly C1-)
jons. Very massive ions, probably cluster ions, dominate only in a narrow region around 80-84 km. Because of the
scarce and controversial data no reference for the negative ion composition can be defined at present.

The primary positive D-region ions NO* and O% are lost not only by recombination with free electrons or negda-
tive ions, but also by ion-molecule (mainly clustering) reactions which ultimately lead to proton hydrates
(H*(Ho0)p). As this conversion of molecular-to-cluster ions not only involves trace gases, but also depends very
sensitively on temperature, a strong coupling of charged species to the photochemistry, dynamics and thermal
structure of the mesosphere is introduced. The temperature influence is most pronounced for the conversion of
NO*, the major D-region molecular ion [ARNOLD et al., 19801. The time constant for the NO*-conversion increases
with temperature by a factor of about 10,000 in the range of D-region temperatures (Fig. 7). Moreover, it is
inversely proportional to the square of the total gas number density. Consequently, the fractional abundance of
positive cluster ions decreases steeply with height and undergoes strong temporal and spatial variations which are
associated with corresponding temperature fluctuations. The upper boundary of the positive cluster ion regime
which is defined by the equality of the NO*-conversion time constant and the cluster ion lifetime against recom-
bination may vary between about 70 and 95 km altitude mainly depending on temperature (Fig. 8). At night, the
cluster ion boundary is around 90-95 km on the average for summer and winter. At day, it is for average con-
ditions around 87 km in summer and around 80 km in winter. Its variability associated with typical temperature
fluctuations (+20°) is relatively weak in summer (86-88 km) and very pronounced in winter (71-88 km). As tem-
perature variations appear to be stronger in winter when deviations by +40° have been observed quite often
[SCHMIDLIN, 19761, the boundary may then vary between about 70 and 90 km. A lower limit for the cluster ion boun-
dary is defined by the lower boundary of the electron regime. As negative ions recombine with positive cluster
jons much more slowly (Table 1), the cluster ion boundary, therefore, should not descend below 80-85 km at night
and 70-65 km at day even for very high temperatures.
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Table 1. Recombination processes for positive and negative ions and electrons; reaction coefficients
in fourth, sources in fifth column: (a) BATES et al. [1962]; (b) BIONDI [19691; (c) HUANG
et al. [1978]; (d,e) SMITH and CHURCH [1976].

Process Educts Products Typical reaction coeff, Reference
Radiative R. At +e- A+hv 10717 m3 -1 (a)
Dissociative R. ABt+ " A+ B 5 . 10-13(T1/300K)"1 ms -1 (b)
Electron R. of AT(B)pt € <5 .10°12 pd s-1 (c)
complex fons

Ion-Ion R. A- + Bt 5 . 10-14(7/300k)-1/2 m3 s-1 (d)
(2-body) -

Ton-Ton R. A=+ Bt M 2 . 10-37(1/300K)~5/2 mb s-1 (e)
(3-body)

As cluster ions recombine much faster with free electrons than do molecular ions (Table 1), total charged
particle concentrations are for a given ionization rate significantly smaller at heights where positive cluster
jons and free electrons are the dominant charged species. Thus, the cluster ion boundary is usually accompanied
by a ledge in the total positive ion- and electron concentration profiles (see Figs. 4 and 5). In summer the
ledge merges with the bottom of the E layer (Fig. 4). In winter when the bottom of the E layer due to the lower

solar elevation is above 90 km and the cluster ion boundary due to the higher temperature is around 80 km the
Tedge can be clearly identified.

Considering the strong temperature influence, modelling of the D region is complicated as the thermal struc-

ture of the mesosphere which undergoes not only systematic (seasonal and latitudinal) but also pronounced irregu-
lar variations, is not sufficiently well known.

24




In summarizing the above discussion it may be concluded that there are two major obstacles which at present
serfously complicate modelling of the D-region structure and composition. They are our poor knowledge of
NO-concentrations which mainly control the ionization rates and which depend sensitively on mesospheric dynamics
and our poor knowledge of the thermal structure of the mesosphere which determines the loss rates of charged par-
ticles through controlling the conversion of molecular ions to rapidly recombining cluster fons. The situation
may be improved as far as modelling of systematic trends is concerned in the near future when global mapping of
mesopheric NO-concentrations and temperatures by satellite observations will hopefully become available.
Considering, however, the strong short term and regional fluctuations of the D region induced by corresponding
changes of the thermal and dynamical structure or in other words the “meteorology” of the mesosphere, the chances
for defining a reasonably precise reference D region will probably remain low.

Stratospheric Ionized Component

The ionized component of the stratosphere above 20 km altitude is characterized by a decrease of charged par-
ticle concentrations with height and by an absence of free electrons (Fig. 1). Measured charged particle con-
centration profiles show marked variations by factors up to at least 10 [HALE et al., 1968; HALE et al., 1972;
ROSE and WIDDEL, 1972]. To which extent the variations are real is unclear at present.

Galactic cosmic radiation represents the most important source of ionization (Fig. 2) and is able to ionize
all gases. It suffers from no significant mass absorption in the height region of interest which implies the
jonization rate to be proportional to the total gas number density. Since the galactic cosmic radiation is
influenced by the Farth and the interplanetary magnetic fields, the ionization rates vary with geomagnetic lati-
tude and solar activity [WEBBER, 1962] being high for high geomagnetic latitudes and low solar activity.

Concerning the nature and composition of charged species very Tittle is known. Crude information on ion
masses obtained from in situ ion mobility measurements [ROSE and WIDDEL, 1972; MITCHELL et al., 1977; ISHIKAWA et
al., 1969; GRAS, 1975] indicate “"small ions" to be dominant. First information on the chemical nature and com-
position of positive ions became available only recently from rocket- [ARNOLD et al., 1977a] and balloon- [ARNOLD
et al., 1977b; OLSEN et al., 1977; ARIJS et al., 1978; ARNOLD et al., 1978] borne mass spectrometer measurements,
The latter also provided first information on negative ions [ARNOLD and HENSCHEN, 1978]. From these measurements
it appears that both positive and negative ions are massive and rather complex cluster ions whose identification
is not yet certain and awaits supporting laboratory studies of relevant ion-molecule reactions.

Preliminary identifications suggest positive core ions to be mostly protonated Ho0 and x (unidentified mole-
cule having a mass of 41+1 amu) to which neutral molecules mostly Hp0 and x are attacﬁed. Negative core ions
appear to be mostly NO3 and R= (tentatively identified as HSO~=) to which neutral molecules mostly acids (HNO3 and
HR which was tentatively identified as H2504) are attached [ARNOLD et al., 1978; ARNOLD and HENSCHEN, 1978].

Considering the early stage of exploration of this region no reference for the ion composition can be given
at present. Whether total charged particle concentrations can be accurately modelled is not certain. While the
ionization rates can be modelled reasonably well, 1ittle is known about the ion loss processes. In particular, it
is unclear to which extent they may eventually depend on temperature and on the ion composition which, in turn,
should be controlled by trace gases and temperature.
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2. TECHNICAL NOTE CONCERNING THE MAIN PROGRAMS
IRIAL 7 and IRIFO 7

In order to use one of these programs, the user has to take the following steps:

0.1

0.2

1.1

1.2

2.

3.1

3.2

3.3

3.4
3.5

3.6

3.7
3.7.1
3.7.2

5.2

5.3

5.4

Procure CCIR input data tape to be read in equivalent of procedure CCIRCA. This tape is a special version of
the official "CCIR-map" containing only the numerical coefficient sets for FOF2 and M3000. It is available
in code ASCII(2)or in EBCDIC(1) at WDC-A (STP).

If such tape is not at hand replace procedure F20UT by IONDEM (p.250) and change the relevant call-in.
This means you use program IRIAL7A or IRIFO7A.

Adjust to your computing facility:

Identify by channel numbers of your facility

- the input device EGNR for interactive input

- the output device KONSOL for interactive output

- the output device AGNR for producing final tables

Adapt procedure/subroutine CCIRCA which takes CCIR input data from the CCIR tape in its standard format for
FOF2 and M(3000)F2, In ALGOL replace GETS by the name of your tape reading procedure, and adjust channel

numbers. 1In FORTRAN insert reading subroutine of your computer, adapted to input code ASCII(2) or EBCDIC(1)
whichever applies.

Start program.

Give folgowing formated inputs via EGNR. (In parenthesis you will find the desired format for ALGOL and
FORTRAN.

Specify location solar activity and time by: Latitude LATI, longitude LONGI (all: +ZZD/F6.1), sunspot
number R (ZZD/F6.1), MONTH (ZD/F4.1), HOUR (zZD.D/F4.1), the latter to be inserted as local mean time (LMT).
The small shift due to the equation of time is not taken into account but the longitude of the place must be
accounted for when going from LMT to a legal hour.

In the special condition when you like to consider a fixed solar zenith angle, then specify this numerical
value XHI/degree (ZD.D/F4.1). In doing so you shall get upper ionosphere parameters according to the value
of HOUR, but those of the lower layers according to that of XHI. Both are only coherent if your indications

of HOUR and XHI were consistent. Normal use is to put -10.0 for XHI, then the zenith angle is computed in
the program itself.

Specify profile range by lower limit AH, upper limit EH and step-width SH in km (al1: B, 32D.D/1X, F6.1).
The program stops after 50 height values, i.e. at AH = 49 . SH.

Specify format for results by inserting for KOBE: (B, D/1X, 11). 0 for printer, 1 for other output devices.
A1l of the admitted plasma parameters are printed. There are 10 parameters, The parameters are (decision

symbol): electron density (JNE); same but relative to maximum F2-density (JNEMAX): neutral temperature

(JTN); electron temperature (JTE); ion temperature (JTI); temperature ratio (JTETI); relative ion densities
in percent:

0% (J0), H' and Het (JMHE), 0p* (J02), NO* (JNO).

Specify decision symbol JMAG (D/I1}. If input coordinates (in 3.1.1) are geomagnetic then JMAG = 1, if they
are geographic then JMAG = 0.

Insertion of peak values (two choices):
Choice 1: Use CCIR values; enter O for HMF2 and FOF2.

Choice 2: Direct acquisition of peak data through input device (KONSOL). Give peak values HMF2 in km and
FOF2 in MHz.

Computer works, results are stored.

Computer gives results out in the following order:

The input values specified in 3.4 and 3.1. If JMAG = 1 then MLAT, MLONG else LATI, LONGI; further R, MONTH,
HOUR, XHI.

Characteristic values computed from these: if JMAG = 1 then LATI, LONGI else MLAT, MLONG; further DIP,
MODIP, magnetic latitude MAGLA, solar zenith angle XHI, local sunrise, sunset and solar declination angle.

peak values of the four layers: NMF2, NMF1, NME, NMD (in m=3); HMF2, HMF1, HME, HMD (in km).
The desired profiles (parameters as selected in 3.3).
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6. An example is documented in the following:

6.1 Inputs via console (st. 89...113 (odd) of FORTRAN program answers guestions specified in st. 88...112
(even)).

6.1.1 Inputs after 3.1: Tocation (42.6°S, 288.5°E), solar activity (R = 70) and time (June, 12h): - 42,6 +
288.50700612.0 (- 42,6+288.5 70 612.0 is also accepted).

6.1.2 For normal use of program write -10.0 as input after 3.2 for XHI. (Then XHI is automatically computed.)

6.1.3 Inputs after 3.3 determining height format:
80,0 800.0 20.0

6.1.4 Input KOBE (answering 3.4): 0

6.1.5 Input JMAF after 3.6, specifying coordinates to be geographic: 0
total input (st. 532)
- 42.6+288.5 70 612.0 -10.0
80.0 800.0 20.0 0

6.2 In case, choice 3 in 3.7 is chosen to be applied, i.e. when peak data are available directly (3.7.3):
HMF2 = 264.5 km
NMF2 = 5,2310+11 x-3 : 264.5 5.23070+11

6.3 Many examples can be found in Sect. 4.1. Inputs concerning location, activity and time are specified in the
top line of each table. The following 5 lines give values which were computed when running the program.
Hereafter follows the main profile table.
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3. FORMULAS

ELECTRON DENSITY PROFILE

upper F-region HMF2 < h < 1000 km

NET1(h) = NMF2 - exp(-Y)

o _ 1000-HMF2 . 14exp((X-394.5)/8)

Y= —gg— - B In Trep((-5h.5-8)/8) |
. 1texp((X-300)/100) _ _

42+ (100 In T3l ne) X+300-6))
_ heHMF2 }

X = Togo-mwrz ~ /0013007

s = (n/(142)- ¢ /2)/(n-2/(8- (14D)F) + t/h00)

Z = exp 9héu5

(2)

z, Band nare functions of

geomagnetic latitude ¢(zl=cpsz¢),

solar radio flux COV (z2 = (COV-40)/30) and

peak plasma frequency (z3= foF2).

f(z1, 2y, 23) = a1+a2'z1+a3-22+a4-z1'z2 +
(a5+aé-z1+a7-z3) - Zg

The numerical coefficients are contained in the

program.
bottomside F2-region HMFT1 £ h < HMF2

exp (= B1)
H(h) = NMF2 . SXBAZX
cosh{x

_ HMF2-h _
B By =3
o

(e.g. Bo) are taken from experimental evidence at specific

cofditions and are interpolated with EPSTEIN functions
in local time (steps at sunrise and sunset) and in
Jatitude (30°). For the dependence on solar activity
a linear interpolation is used.

B, (45°) from BECKER (1972) (1)

Bo (180) from Mexico composite profiles, NOAA

(3) Fl-region (day only) Hz <h< HMF1

N(h) = N(z)(h) 4 NMFz.c],\,HM;1—h

o
0.09

C, = 0.12b4-4 L4%-4-R +

NMF1 as predicted by EYFRIG et al. (1972)

KMFT is the height at which the function M) (h)
becomes equal to NMF1

(1)

Latitude, hour and activity interpolated with IPOL (XPOL)
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(4) intermediate region HEF < h<Hz

) = 3 &

N

- (SIR _ . - - +
A= (qr-1) - (H-H )/ (HEF-HZ) +1
i = A (HZ4T/2-sign(T) -V T- (HZ-h+T/4)
T = D-D/(HZ-HEF-D)

HST is the height at which the function N(B)(h)
becomes equal to NME

HZ = (HST+HMF1)/2
D = HZ - HST
HEF = HME 4 HBR
(5) E-valley region HME< h <HEF
NME- (14P) by day
N(h) = NME-exp(P) at night
- x2 3 ot oo
P = E] x4 E2 x7 + E3 x + Eh X
X = h - HME

E] to E, are calculated from the following parameters
defining the valley:

NHABR is the difference between HME and the height,where
the minimum density of the valley occurs (ii).
HBR is the difference between HME and the height,

where the electron density in the valley again
increases to NME (ii).

NDEL is the percentage depth of the valley (ii).

DNDHBR is the height derivative at HME + HBR of the
logarithm of the electron density (ii).

The above parameters for midlatitude and midday were

taken from Malvern incoherent scatter data and those for

midnight from MAEDA (1971).

Low latitude daytime profiles have no valley in the

E-region.

NME from equation given in Doc. 6/3/07 (Sept.73)of CCIR
IWP 6/3 (presented by KOURIS and MUGGLETON),

HME  from K-1.MAEDA's (1971) E-region profile {ii).

HME = 110 for day and 105 for night,
(6) D-region HAZh<HME
N(h) =|MME"exp (DT (HmE=h) ©) h >HDX
NMD- exp (FP, -x+FP2-x2+FP3-x3) h £Hox
X = h - HMD

NMD and HMD (ii) are the density and height
of the inflection point in the D-region profile.
NMD is computed with procedure NMDED (XMDED).

FP, = F,

FP, = ~F -F,/2

e, - {(-FZ-FP2~FP]+1/F2)/(F2‘F2) h >HMD
(-F3~FP2-FP1-1/F3)/(F3'F3) h £ HMD

(i1) Hour interpolated with HPOL (HPOL)
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HDX = HMD + F2

65 km by day ¢t hei
HA iSO km at night deepest height

Continuity of N(h) and its derivative dN/dh at h=HDX
(NDX,DNDX) gives

K = -DNDX - (HME-HDX) / (NDX-LN(NDX/NME))
D, = ONDX / (Nox - ke(Hme-HDX) K1)
The input parameters F1, FZ’ F3 (i1) have the meaning:
Foo= d(InN)
1 (h=HMD)

(or F ) is the difference between HMD and the height
where the electron density increases (decreases)
to NMD-e (NMD/e).

NMD, HMD, F], F and F3 derived from DICKINSON et al.
(1976), MAEDA (1971), MECHTLY and BILITZA (1974),
PRAKASH et al. (197%) and GNANAL INGAM (1978).

NEUTRAL TEMPERATURE PROFILE

We use the equations for deriving the exospheric temper=
ature and the temperature profile Tn(h) as specified in
CIRA 1972 (procedures TUNCAL and TN) .

ELECTRON TEMPERATURE PROFILE

(1) upper F-region HdgthOOO km
T (h,®) = £(0) +F, (4, h) + f,(h)

f1(¢) = a-b l%%%éT lcosx|™

-0.1e9 e0-03(h=h )
f, (¢, h) = ¢ £ .
(14e {H-¢)2 (1+ -0.030¢ (h- hmax)
£y (h) =d « (h- 700)
¢ geomagnetic latitude /degree
X

= a, 4 a, ® [

heoy =7 1.4 .1073-¢%) + 200
max = 70-exp (-1.4 .

a b n a, a, c h d

max
DAY 2325) 725} 1 3.4 [-0.01h 2.56104 250 2

NIGHT |1600| 700 0.5] 0.47| 0.024 0 0 o

00 " NIGHT
H =<350 ¢>40
° |200 ¢§Ao°}DAY

Temperature values are interpolated in time between

midday and midnight with HPOL.
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(2) Extrapolation to the bottomside HTA < h < Ho
HTA = 120 km TNA = Tn (HTA)
Te(h) =T (h) + QUO- (h-HTA)

Te(Ho,HOUR) - Tn(Ho, HOUR)

o = W= HTA
[o)

Te(Ho, HOUR) is obtained by interpolation in time with
HPOL (HPOL).
QUO is first computed for night, then for the desired

time HOUR.
ION TEMPERATURE PROFILE
(1) upper region HS < h < 1000 km
Ti(h) = MMO-(h- HS) = To(h)+
2 1+exp((h~XSMj)/G.)
L ) 6 et /T

G, = 20 km G2 = 50 km

1
HS s the height at which the tangent to the neutral
profile Tn(h) passes through (XSMT//YSMl)

-0.09-¢

1240-1400 2o~ day
(14e 0'09'¢)2

1200-300 -%95£§lyr V|cos(X)| night

cos (X

YsM, (¢) =

X= 0.479+ 0.024-¢2

a1
MMy = TR (h=Hs)
- 3 day - —dat
Moy = § 5 (AEROS-B  RPA-data)
M T, (HZ0<T_(HED)
Mu, = { ot HE1=1000 km

e
dh (h=HE1) T{(HE!)jﬁe(HEl)

XSM1= 430 km (from AEROS-B RPA-data)

XS T; (HED)<T_(HET)
XSM,= Te(HEI)-10-YSM2+MM1~XSM1-MM2'HE!
(IR T,(HED) > T (HEI)

We interpolate in time with procedure HPOL.

(2) lower region HTA < h <HS
Ti(h) = Tn(h)
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JON RELATIVE PERCENTAGE DENSITY

(1) atomic oxygen positive jons
P P
RDO(h) = RDO exp (MOO°(h—h) +

&

1+exp ((h-HO{) /DO})

* T¥exp ((R-H0,)/00,) )

i

e

1(MOi-MOi_])aDOialn

D0, = 9 km DOZ=S km 003=5 km DOA=50 km
MO, = f(PG10,, PG10p, PG103, PG104)

M0 = f(PG105. PG10g, PG10;, PG10g)

HOy = f(PG10g, PG10yq, PG10;p, PG101p)

The array PG 10 is given in procedure KOEFP1
f(Py....Py) =+ (Py - Pl) / (1 +exp { - (cos(x) - P4)/P3))

¥ solar zenith angle, at night cos (x)

0

i

Hoy = PG20; MO, = O MO3 = PG20, MO, = PG203

the array PG20 is given in procedure KEOFPZ2
HO, = 237 for summer, COVI = 140, else 290

HO

1]

5 = (1n(100) - MO, - (HO4 - PG204)) / MOg + HOy

The 0% percentage is assumed to peak at altitude h

~ iy -
where RDO (h) = RDO ; we put RDO = 98 (higher values
may be reached in nature)

f = 249 for summer, COVI = 140, else 300.

(11) molecular oxygen positive ions
N N
RDO2 (h) = RDOZ - exp(MOZo'(h- ) 4

2 - . .
+3 (M0Z,-MO2;_;).D02,/1n 14exp((h-H02;) /D02;)
i=1 1+exp((HO-H02i)/DOZi)
D02, =5 km D02, = 5 km

-~ N

RDO2 (HO) = RDOZ = 1%

70 = PF30,4PF30,* cosx
H021 = PF303+PF30hscosx
HOZ, = PF30.4PF30¢. cosx
MOZ0 = PF307+PF308~cosx
M02, = PF30g+PF30, 4-cosx
MOZ2 = PF3011+PF3012‘cosx

RNO = (100 - RDO(R) - RDO2(h))/RD02(R)

(111) nitric oxide positive ions

RNO-RNO2(h) for h 2 h
100-RDO(h)-RDO2(h) else

RDNO(h) = {

We put RDNO = O when it is less than 0.0005
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(IV) hydrogen positive ions

0forh<h
(100-RDO(h)-(1+RNO) -RDO2(h)) - (1-PEHE/100)

RDH(h) = {

PEHE is the percentage of Het against all light
jons, namely H' and He®. 1In the absence of better
information we use a constant estimated value

of 10%.

(V) helium positive ions

RDHE(h) = RDH-PEHE/(100 - PEHE)
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4, EXAMPLES
4,1 Tables

Output tables computed with IRIAL 7 and the CCIR peak model are presented on the following pages for 108 com-
binations of input parameters. Six locations were chosen so as to provide some impression of the worldwide beha-
vior of the ionosphere. These are, after geographic latitude, longitude and location:

42.6°N 44,1°N 35.7°N 14.7°N 120.0°S 51.7°S
288.5°E 2.0°E 140.0°E 342.6°E 283.1°E 302.2°E
Boston St. Santin Tokyo Dakar Lima Stanley
USA France Japan Senegal Peru Falkland

For each location two levels of solar activity are considered namely R (Zurich sunspot number) 10 and 100, further 3
months (March, June, December) and 3 hours {noon, sunrise, midnight). These indications can be found at the top
of each table.

Results are given from 80 to 800 km with steps in altitude of 5 km up to 140 km, of 10 km up to 240 km and of 20
km to 800 km (first column). A1l 11 output parameters which can be chosen in the program are shown in suc-
cessive columns in the following order:

absolute electron density - relative electron density - neutral temperature -electron temperature - ion tem-
perature - ratio of electron to jon temperature -percentage of 0* (and N*) ions - percentage of H* jons - percen-
tage of Het ions - percentage of 0% ions - percentage of NO* ions.
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